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Nomenclature

22
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Bejan number (-) 
32
Some researchers have used baffles or ribs inside ducts to enhance the heat transfer rate by restarting
33
the thermal boundary layer after flow reconnection between the baffles or ribs. Promvonge et al. [9] 34 investigated numerically the effects of in-line V-shaped discrete rib on the heat transfer characteristics of a
35
fluid flow inside a square duct. They reported that the heat transfer rate increases by about 4 times through 36 using ribs in comparison with the smooth duct at low values of Reynolds numbers. In a numerical study,
37
Kwankaomeng and Promvonge [10] placed a 30° angled baffle on one wall of a square duct and investigated
38
the effects of it on laminar convection heat transfer. They found that the thermal improvement factor for the 39 modified duct by the baffle is much higher than unity and has a maximum value of 3.1. This reflects a 40 significantly higher thermal performance of the modified duct in comparison with its clear counterpart.
41
Noothong et al. [11] showed experimentally and numerically that the heat transfer rate in a square duct
42
increases by using discrete V-finned tape inserts. The discrete V-finned tape creates two longitudinal counter 43 rotating vortices along the duct, which cause an enhancement in the turbulence intensity and heat transfer rate 
115
The current study aims at providing a physical insight into the thermal, hydrodynamic, and thermodynamic
116
processes around a transverse twisted-baffle in a square duct with the nanofluid flow.  Water is used as the working fluid. Al2O3 is considered as the nanoparticles with a fixed particle 131 diameter of 60 nm and the resultant nanofluid is assumed to be homogenous and single phase.
132
 The nanoparticles are in local thermal equilibrium with the base fluid and the Brownian motion of 133 the particles is taken into account.
134
 Gravitational, thermal radiative and viscous heating effects are ignored.
135
 The thermal conductivity and hence heat absorption by the baffles is ignored.
136
Insert figure 1 here
137
Insert figure 2 here 138
Governing Equations
139
The following governing equations are used in the numerical modelling:
140
 Continuity equation: 
where k, Cp, ρ and μ denote thermal conductivity, specific heat at constant pressure, density, and dynamic 144 viscosity, respectively. Note that the subscript ''eff'' represents the effective thermophysical properties. The 145 models used for calculating these properties are fully described in Appendix A.
146
Entropy Generation Analysis
147
The local volumetric viscous and thermal entropy generations rates can be expressed as follows [1] :
Parameters Definitions
149
The following parameters are utilized in this paper.
150
 Average heat transfer coefficient: 
2.5
Boundary Conditions
160
The following boundary conditions are defined.
161
 At the input section of the duct:
 Along the duct surfaces:
 At the output section of the duct:
For the baffles, the no-slip and adiabatic boundary conditions are used.
165
2.6
Numerical procedure
166
Equations 1-5 with boundary conditions 14-16 are solved numerically by employing a pressure-based 167 approach, as this has been shown to be suitable for low-speed incompressible flows [30] . A staggered grid 168 arrangement (see Fig. 2 ) was employed to store the pressure and velocity terms at the cell centre and cell 169 faces respectively. In addition, the SIMPLE algorithm was employed to provide the coupling between the 170 pressure and velocity terms [30] . All terms were discretized by employing a second order UPWIND method.
Eventually, the convergence criteria were satisfied when the residual values became smaller than 10 -6 for all 172 equations.
Mesh independence test and validations
174
A sample grid employed for the current simulations is disclosed in Fig. 2 . This includes an unstructured 175 mesh, which becomes denser around the baffles wherein the velocity and temperature gradients vary rapidly.
176
A mesh independency test was conducted by employing four grid densities at γ = 540°and φ=0.03 to 
282
Insert figure 10 here 283 Table 2 summarizes the results of some the published works on using different kinds of baffles in rectangular 
288
Reynolds number from 3800 to 19000, these values are 2.7 and 5.8 respectively. In our study, for nanofluid 289 flow in a square duct with transverse twisted baffles and for Re=200, the maximum heat transfer ratio is in 290 about 1.6, and maximum pressure drop ratio is 2.5.
291
Insert 
328
surfaces. However, the viscous entropy generation increases at the core of the duct by installing the baffles.
329
As mentioned earlier, the swirl flows formed by the twisted baffle disturb the liquid around the centreline of 344 Figure 14 shows the Bejan number field at γ = 360°, Re=200, and φ=0.03. As shown in this figure, the thermal entropy generation is dominant in the most regions of the duct. An exception to this is the near-inlet 346 part of the duct, wherein the growth of hydrodynamic boundary layer has contributed to the relative 13 significance of viscous irreversibilities. It is recalled that the investigated flow is in the laminar regime and the velocity gradient is rather small for this type of flow. As a result, in general, the thermal entropy 349 generation is the dominant irreversibility in this flow. However, the velocity gradient at the inlet section of 350 the duct is large and this increases the viscous irreversibility at this section. Furthermore, the inlet section is 351 placed outside of the thermal boundary layer, where the temperature gradient is low.
352
Insert figure 14 here 
361
 The number of recirculation regions in the flow increases with an increase in the pitch intensity.
362
 There is a negligible difference in the pressure drop ratios for the cases of γ=180° and γ=360° but 
372
 The viscous and thermal entropy generations are stronger near the duct wall.
373
 The thermal entropy generation is the dominant form of irreversibility in the most regions inside the 374 duct with an exception at the inlet section.
375
Appendix A.
376
The following effective density is used for nanofluid [33] :
where φ is the volume fraction and subscripts f and p represent fluid and particle, respectively. Moreover, the The effective dynamic viscosity is a subordinate of temperature (T), nanoparticle scale (dp), nanoparticle 
